We have previously shown that Ϸ5% of the genes encoded by the genome of Mycobacterium tuberculosis are specifically required for the growth or survival of this bacterium during infection. This corresponds to hundreds of genes, most of which have no identifiable function. As a unique approach to characterize these genes, we developed a method to rapidly delineate functional pathways by identifying mutations that modify each other's phenotype, i.e., ''genetic interactions''. Using this method, we have defined a complex set of interactions between virulence genes in this pathogen, and find that the products of unlinked genes associate to form multisubunit transporters that are required for bacterial survival in the host. These findings implicate a previously undescribed family of transport systems in the pathogenesis of tuberculosis, and identify genes that are likely to function in the metabolism of their substrates. This method can be readily applied to other organisms at either the single pathway level, as described here, or at the system level to define quantitative genetic interaction networks.
F
unctional assignments cannot be made for a large fraction of genes in even the most thoroughly studied organisms (1) . It has been even more difficult to characterize the genomes of pathogens, because a large fraction of the encoded functions are specialized for survival in experimentally intractable environments. Genes of unknown function are generally classified through the identification of physical (2-4) regulatory (5) , or phylogenetic (6) associations that allow genes to be associated with pathways of known function. A more comprehensive approach is the definition of genetic interactions. In this type of analysis, the phenotypes of single and double mutants are compared to find mutations that alter the phenotypic consequence of inactivating a gene of interest. This general phenomenon is termed ''epistasis,'' and encompasses several types of interaction (7) . ''Negative'' (i.e., synthetic or synergistic) interactions are defined as mutations that produce a larger than additive phenotypic effect when present together, and ''positive'' (i.e., buffering or antagonistic) interactions occur between mutations produce a less than additive effect. ''Suppressors'' are a distinct subcategory of positive interactions, which alleviate the consequence of gene loss.
Although the interpretation of these interactions is not always straightforward, for null alleles, negative interactions are often found between genes of separate pathways that perform redundant functions. Positive interactions, excluding suppressors, occur largely between genes of the same pathway that depend on each other for their function. Suppressor mutations can act by inducing a compensatory pathway or by relieving a toxic effect of the primary mutation. Thus, genetic interactions can be used to define the individual steps of a pathway, identify parallel pathways that contribute to similar biological processes, and even provide clues to the molecular basis of a mutant phenotype.
Large scale maps of genetic interactions have previously only been generated in a small number of easily manipulated model organisms by determining the relative in vitro growth rates of thousands of individually constructed single and double mutant strains. With notable exceptions (8, 9) , these cumbersome screens provide largely qualitative data and define only the most dramatic interactions. We developed a microarray-based technique, called transposon site hybridization (TraSH), which can be used to compare the growth rates of individual transposon mutants in large pools and is easily applied to less tractable pathogenic organisms (10) . The mutant libraries used in these studies were made by using a minitransposon that encodes outward-facing T7 RNA polymerase promoters. The labeled RNA probe generated from these promoters is complementary to the chromosomal DNA flanking each insertion in the mutant pool, and effectively marks the approximate position of each transposon. The relative composition of any two pools can be rapidly determined by competitively hybridizing the corresponding probes to a microarray. Because mutant pools can be analyzed after being subjected to any number of selective conditions, including passage through animal hosts, this approach can be used to study virulence genes that are only essential during infection.
We have used this method to identify genes that interact with the ''mce loci'' of M. tuberculosis, which have been implicated as important determinants of virulence. These loci consist of four homologous 8-13 gene operons, mce1-mce4, that appear to have arisen by the duplication of a single ancestral locus (11) . The first mce gene to be discovered was found to promote the uptake of bacteria into nonphagocytic cells (12, 13) and was thus designated to function in mycobacterial cell entry (''mce''). However, mutations in these loci have been reported to have varying effects, either increasing or decreasing virulence (14-16), leaving their role during infection unclear. A systematic genetic analysis of the mce loci has yet to be performed, and no biochemical function for their products has been proposed.
The identification of unlinked genes that genetically interact with the mce loci has provided numerous functional insights. Most significantly, we report that the product of one interacting gene represents an ATPase that associates with mce-encoded transmembrane proteins to form multisubunit transport systems resembling ATP-binding cassette (ABC) transporters. Mutagenesis of this essential subunit indicates that Mce-mediated transport is critical for tuberculosis pathogenesis, and other genetic interactions suggest that these transporters may function in the translocation of lipid substrates. In addition to defining a mechanism by which this pathogen interacts with the host, this work demonstrates the general utility of this approach for the characterization of virulence genes for which little functional information is available.
Results
Generation of a Genetic Interaction Map for the mce Loci. Previous TraSH analyses indicated that mutations in the mce1 and mce4 operons produced distinct in vivo growth defects (15) . To characterize these loci further, we used TraSH to identify genes that positively interact with them and are, therefore, likely to function in the same pathway (Fig. 1) . Whole genome data are provided in Tables 1 and 2 , which are published as supporting information on the PNAS web site. Interacting genes were defined by mutations that reduced the in vivo growth rate of wild-type bacteria, but had a significantly less severe effect in mce-deficient backgrounds (see Experimental Procedures). Thirtyfive and 31 positively interacting mutations were identified for the mce1 and mce4 loci, respectively, approximately one-third of which appear to act as suppressors (Tables 3 and 4 , which are published as supporting information on the PNAS web site). The total number of interactions corresponds to Ϸ1% of the genome, which is similar to large-scale interaction screens in Saccharomyces cerevisiae (8, 9, 17) .
The mce1 and mce4 mutations used in these studies deleted a portion of each locus that was expected to abrogate function (15) , but left a number of the genes in each operon intact. Predictably, genes adjacent to the mce1 and mce4 deletions, which are likely to act in concert with the deleted genes, were found to interact with the corresponding mutation (rv3502c of the mce4 locus, and lprK of the mce1 locus). Although all of the genes of a locus did not meet the stringent criteria that we set, they behaved similarly. Therefore, to increase the statistical power of this analysis, each mce locus was analyzed in composite by averaging the ratios for each intact gene. This strategy verified that, although insertions in the mce1 and mce4 loci produce attenuation in a wild-type background, these mutations have virtually no effect if the corresponding locus contains a second inactivating mutation (''mce4'' in Fig. 2A and ''mce1'' in Fig. 2B ). Mutations in the mce2 and mce3 loci had no significant effect in any genetic background.
In addition, this analysis identified a negative interaction between mutations in the mce1 and mce4 loci (''mce1'' in Fig.  2 A) . This interaction was statistically significant only in the ⌬mce4 background, although a similar trend is noted in both experiments. The decreased significance of this interaction in the ⌬mce1 strain is likely a result of the relatively slow replication of this mutant during the period of in vivo selection. In general, some replication is required to discriminate between authentic positive interactions and unrelated mutations whose phenotypes are buffered simply due to the lack of growth. In this case, the statistical significance of some mce1 interactions was likely reduced and as a result, this screen may have been less sensitive than the mce4 experiment.
The negative interaction between mce1 and mce4 mutations suggested that these loci perform similar or even partially redundant functions. This model was supported by the large Fig. 1 . Strategy for identifying genes that interact with the mce1 and mce4 loci. Saturated transposon libraries were generated in wild-type or mcedeficient strains and the resulting libraries were used to infect groups of mice. After a period of infection, the surviving bacteria were recovered from spleen homogenates by plating. The unselected pools were replated in parallel to serve as a control. Each of these libraries was collected and ''TraSH probe'' was generated, which was complementary to the chromosomal DNA flanking each insertion in a pool. In vitro-and in vivo-selected pools were labeled with different fluorophores and compared by competitive hybridization to a microarray. (Lower) Idealized data. Genes (A-E) that are specifically required for in vivo growth will produce microarray ratios (in vivo͞in vitro) of less than 1. Transposon mutations that cause a quantitatively similar phenotype in both genetic backgrounds (i.e., no interaction) will produce the same microarray ratios in both pools (gene B). Positively interacting transposon mutations will produce numerically larger ratios in the mutant background (gene C), and negatively interacting mutations will produce numerically smaller ratios (gene D). Suppressor mutations will produce ratios greater than 1 in the mutant background (gene E).
Fig. 2. Positive and negative interactions identified by using TraSH. (A and B)
Microarray ratios from each gene of the indicated mce loci were averaged. Only genes that remain intact in the ⌬mce1 and ⌬mce4 strains were included in this analysis. Ratios from the wild-type (gray bars) or the indicated mce-deficient backgrounds (black bars) are plotted on a log scale. (C) Ratios for mceG (i.e., rv0655) mutants are plotted in a similar manner. Asterisks indicate statistical significance by t test ( * , P ϭ 0.029; ** , P ϭ 0.008; *** , P ϭ 0.044) or ANOVA ( **** ).
proportion of genes that interacted positively with both loci, as depicted in Fig. 3 . Greater than 25% of the genes that interacted with each mce mutation were also found to interact with the other mce locus.
The first two genes of each mce operon (annotated as yrbEA and yrbEB genes) (11) are similar in both sequence and predicted secondary structure to the transmembrane permease subunits of ABC transporters, suggesting a potential role for these proteins in transmembrane transport. However, all ABC transport systems require an additional nucleotide-binding domain (NBD) subunit to energize transport, and no such gene is encoded in the mce loci. The set of genes that was predicted to positively interact with both mce mutations included rv0655 (Fig. 2C ), which encodes a protein homologous to the NBD subunits of ABC transporters (18) . rv0655 lacks predicted transmembrane helices and is not encoded near other transporter components. Thus, we hypothesized that the product of this gene might associate with the YrbEAB proteins of both the mce1 and mce4 loci and form transport systems. To indicate a role for this gene in mce function, we will henceforth refer to rv0655 as ''mceG.'' Validation of Functional Predictions. To independently verify these interactions, the in vivo growth rates of mutants lacking either mceG (⌬mceG) or both the mce1 and mce4 loci (⌬mce1͞4) were compared to single mce mutants by using a competitive model in which mice are infected with a mixture of wild-type and mutant bacteria. Although all mce mutants grew normally in broth culture (data not shown), individual mutations in the mce1 and mce4 loci caused kinetically distinguishable in vivo growth defects (Fig. 4A) . The ⌬mce1 strain showed a pronounced early growth defect that was obvious at 1 week after infection, whereas the ⌬mce4 strain grew normally for the first week and showed a defect only at later times. Simultaneous mutation of these loci produced an effect that was clearly greater than additive, validating the negative interaction between these loci that was predicted by using TraSH. The deletion of mceG had a similar, but perhaps slightly exaggerated, effect as the mce1͞4 mutations. This strain was completely unable to grow in this model and was slowly cleared from the tissue (Fig. 4C) . This phenotype was consistent with the loss of both mce1 and mce4 function and was predicted by the observation that mceG interacts with both loci (Fig. 2C) .
The interaction between MceG and mce-encoded proteins was confirmed biochemically by coexpressing these genes in Mycobacterium smegmatis, a saprophytic relative of M. tuberculosis. When expressed alone from a constitutive promoter, the MceG protein was virtually undetectable in cell lysates (Fig. 5) . Coex- pression of any mce locus resulted in a 17-to 55-fold increase in MceG protein levels. A similar 13-fold increase was seen when only the YrbEA and YrbEB permease subunits were coexpressed with MceG. The mutual stabilization of members of multiprotein complexes is a well-described phenomenon in bacteria (19) , suggesting that physical associations were likely to account for these observations.
The importance of mce-meditated transport during infection was investigated by generating a point mutation in the predicted ATP binding site of MceG. Analogous mutations in the ''Walker A'' motifs of other NBD's abrogate substrate translocation, but do not affect transporter assembly (20, 21) . A epitope-tagged version of this mutant (K66N) mceG allele was expressed at comparable (Ϸ2-fold reduced) levels as the wild-type protein, as determined by Western blotting (data not shown). Although integration of the wild-type allele onto the chromosome completely complemented the in vivo growth defect of the ⌬mceG strain, expression of the mutant allele had no effect on the growth of this strain (Fig. 4B ).
Discussion
The network of genes found to genetically interact with the mce loci provide several insights into the functions of these genes. Most importantly, the product of the mceG gene was found to be required for the function of multiple mce loci. These data, along with the apparent physical association of MceG with products of each mce locus and the lack of any identifiable paralog of mceG in the genome, lead us to propose that the mce loci encode four distinct ABC-like transport systems that all share this common enzymatic subunit. The requirement for the mce loci during infection appears to be completely attributable to this transport function, as mutation of the ATP-binding site of MceG had the same effect on in vivo growth as the simultaneous inactivation of both the mce1 and mce4 loci.
In addition to the ABC-like transport systems that appear to be formed by MceG and the YrbEA and YrbEB permeases, each mce locus encodes 6-11 genes of unknown function. Mutation of each mce gene produces a phenotype that is similar to the corresponding yrbEAB genes (ref . 1, Tables 1 and 2 ), suggesting that the encoded proteins function in a coordinated manner, perhaps as subunits of a larger transport apparatus. One product of the mce1 locus, Mce1A, is predicted to be a soluble secreted protein that has been localized on the bacterial surface and reported to promote bacterial uptake into nonphagocytic cells (22) . These observations are consistent with a model in which Mce proteins represent components of transport systems that interact with host cells. Structural predictions suggest that some of these proteins may resemble either colicins or ␤-barrel porins (23, 24) , both of which form channels through lipid bilayers. Therefore, it is possible that these proteins may be important for the transit of solutes through hydrophobic barriers such as the mycobacterial envelope or host cell membranes.
In contrast to the growth defect we observe for mce1 mutants in competitive infections, mutations in this locus have also been reported to cause increased bacterial growth in single-strain infection models (14, 16) . This ''hypervirulent'' phenotype was suggested to result from the relatively weak innate immune response that was generated by the mutant bacteria. Although the precise mce1 mutation used in these studies differs from the ⌬mce1 mutation described here, it is unlikely that this alone could account for the apparent phenotypic differences. We observed similar competitive growth defects for the ⌬mce1 deletion mutant, for an isolated transposon mutant that disrupts a single gene in this locus (rv0173, data not shown), and for transposon mutations in each gene of the locus using TraSH. Thus, similar competitive growth defects appear to result from any inactivating mutation. The divergent behaviors of mce1 mutants in competitive and single-strain infection models is more likely due to differences in the immune pressures generated by wild type and mce1-deficient bacteria. The results presented here indicate that, in the context of the immune response triggered by wild-type M. tuberculosis, mce1 function is required for bacterial growth.
The mce1 locus appears to be most important immediately after infection, whereas the mce4-encoded transporter is required only at later time points. These kinetically distinct requirements suggest that these transporters serve multiple roles during infection possibly by transporting a number of different substrates. Clues to the identities of these substrates can be found in the interaction data. A large proportion of the genes that were found to positively interact with the mce mutations are predicted to be involved in either transport-related functions or lipid modification, and the latter genes could be involved in substrate metabolism. It is difficult to predict, a priori, whether such genes are involved in biosynthetic or catabolic pathways. Lipid transport is important during in vivo growth both for the export of a variety of complex lipid virulence factors (25) (26) (27) (28) , and possibly for the import of fatty acids as a source of nutritional carbon (29) . The characterization of such interacting genes will aid in elucidating the chemical structures of Mce substrates, the direction of their transport, and their ultimate role during infection.
The interactions reported in this work result from the application of stringent cutoffs to the microarray data, which excluded a large number of potentially significant phenotypic differences. Both computational (30) (31) (32) and experimental (33) (34) (35) evidence indicates that quantitatively minor genetic interactions are common, and that any gene can interact with hundreds of others. A quantitative method, such as TraSH, could therefore be used in any number of haploid organisms to define robust genetic interaction networks to characterize both individual functional pathways and the higher-order integration of these pathways.
Experimental Procedures
Bacterial Culture and Genetic Manipulations. M. tuberculosis (H37Rv) was grown on Middlebrook 7H10 agar or in 7H9 broth supplemented with 10% OADC enrichment. Kanamycin or hygromycin were added at 20 or 50 g͞ml, respectively. M. smegmatis, mc 2 155 (36), and Escherichia coli were grown in LB agar containing 50 g͞ml kanamycin, 50-100 g͞ml hygromycin, 30 g͞ml apramycin, 20 g͞ml chloramphenocol, or 12 g͞ml tetracycline. All genetic deletions were generated in M. tuberculosis by using phage-mediated allelic exchange essentially as described (37) . A lox site-flanked hygromycin-chloramphenicol cassette was used to construct the ⌬mce1 strain (replacement of nucleotides 202507-207411 encompassing mce1D-rv0175), and the ⌬mceG strain (nucleotides 751513-752593 are replaced). ⌬mce4 mutant has the yrbE4A gene replaced by a lox-flanked hygromycin resistance gene (15) . The ⌬mce1͞4 double mutant was generated by removing the hygromycin marker from the ⌬mce4 strain using a counterselectable Cre recombinase-expressing plasmid. This unmarked strain was then transduced with the ⌬mce1 phage. The MceG complementing plasmid was generated by ligating the mceG ORF into an integrating plasmid downstream of a constitutive ''mop'' promoter (38) . Transformation of M. tuberculosis with this plasmid resulted in single copy integration at the phage L5 att site. The mceG K66N mutation was generated by PCR and verified by sequencing.
TraSH Analysis. Transposon libraries were made by using the pMycoMarT7 transposon as described (10) . Briefly, transposon DNA was introduced into 50-ml broth cultures of M. tuberculosis via transduction. The resulting mixture was plated on 7H10 containing OADC, 20 g͞ml kanamycin, and 0.05% Tween-80. Each library consisted of Ϸ2 ϫ 10 5 independent mutants. Groups of four or five C57BL͞6 mice (8-10 weeks old) were inoculated intravenously with a mixture of 10 6 colony-forming units (cfu) of mutant library and an equal number of wild-type H37Rv. At 1 week (for mce1 interactions) or 8 weeks (for mce4 interactions), the mice were killed, and the surviving mutants were collected by plating spleen homogenates on 7H10 containing kanamycin. The ratio of mutant͞wild type was determined at this time, and the mutant libraries were Ϸ10-fold underrepresented relative to wild type. The inoculating libraries were replated in parallel to serve as controls. Each library was collected separately by scraping the plates, chromosomal DNA was isolated from each, and TraSH probe was generated and hybridized to custom microarrays as described (10) . Two TraSH probes were generated and hybridized independently for each mutant pool. The data from these microarrays (8-10 per experimental group) were averaged by using GeneSpring software. Spots that did not produce an intensity Ͼ300 fluorescence units, were not detected in six of eight replicates, or corresponded to genes that were independently predicted to be required for in vitro growth (39) were discarded. Genetic interactions were identified by comparing the ratios for each gene in the mcedeficient libraries to the corresponding wild-type library using two-way ANOVA testing and a false-discovery rate of 5%. The positive interactions were defined as the genes selected by ANOVA that were also predicted to be required for optimal in vivo growth in a wild-type background (15) and whose ratio decreased by Ͼ2-fold in the mutant background. The fraction of these interactions that represent suppressor mutations were defined as those with microarray ratios Ͼ2 in the mutant background. The ''mce loci'' are defined as in ref. 11: mce1, yrbE1A-rv0178; mce2, yrbE2A-mce2F; mce3, yrbE3A-rv1975; mce4, yrbE4A-mce4F.
Animal Infections. Log phase cultures of bacteria were washed twice in PBS containing 0.05% Tween-80, frozen in 10% glycerol, and titered. Eight-to 10-week-old C57BL͞6 mice were inoculated with the 200 l of PBS containing Ϸ2 ϫ 10 5 cfu of wild type and Ϸ8 ϫ 10 4 cfu of mutant via the lateral tail vein. At the indicated times, lungs and spleens were removed, homogenized in PBS containing 0.05% Tween-80, and plated on 7H10 agar (for total bacterial counts) or 7H10 agar containing hygromycin (to enumerate cfu of mutant).
M. smegmatis Expression. To generate the epitope tagged allele of mceG, the following sequence (encoding 6xHis and c-myc tags) was added to the 3Ј end of the peptide by PCR: HHHHHH-MAEQKLISEEDL. The mceG fusion was cloned downstream of a mycobacterial hsp60 promoter of an episomal shuttle vector, which expresses apramycin resistance to generate pSJ7 (GenBank accession no. DQ823234). To express isolated yrbEAB genes, these ORFs were amplified from the mce1 locus by PCR. This product was cloned into an episomal shuttle vector expressing hygromycin resistance resulting in pCS59 (GenBank accession no. DQ823235). To isolate intact mce loci, a cosmid library of H37Rv chromosomal DNA was generated in a modified supercos-1 vector (39) . The ends of random clones were sequenced, and a clone containing each mce locus was isolated. A constitutive hsp60 promoter, a composite hygromycinchloramphenicol marker, and mycobacterial origin of replication were recombined immediately upstream of each mce locus by using the -red recombination system (40) . Plasmid sequences are available in GenBank (accession nos. DQ823230 -DQ823233). Cultures (100 ml) of M. smegmatis transformed with the indicated plasmids were collected by centrifugation, resuspended in 1 ml of PBS containing protease inhibitor mixture (Sigma, St. Louis, MO), lysed by sonication, heated to 50°C for 10 min in SDS sample buffer containing 1% 2-mercaptoethanol, and separated by 4-20% gradient SDS͞PAGE. Proteins were transferred to PVDF membranes, stained with a polyclonal rabbit anti-myc antibody (Abcam, Cambridge, MA) followed by HRP-conjugated anti-rabbit IgG (Promega, Madison, WI), and visualized with ECL reagent (Pierce, Rockford, IL). Light emission was quantified by using a LAS-1000 Plus Gel Documentation System and Intelligent Dark Box II. Images were processed by using the ImageGauge program (Fujifilm, Toyko, Japan)
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